Summary.
It is generally known that spermatozoa aquire the capacity for fertilization during passage through the proximal region of the epididymal duct and are then stored in the distal region of the duct (BEDFORD, 1975 ; HAMILTON, 1975) . The mouse epididymal duct has been divided into five segments (I-V) by light microscopy ; Segments I, II and III constitute the head of the epididymis, Segment IV the body, and Segment V the tail; Segments I, II and III seem to belong to the proximal region, and Segments IV and V to the distal region (TAKANO, 1980) . In this electron microscope study, we have examined the regional differences of the principal cells of the epididymal duct to understand the functional significance of each segment.
The principal cells decrease in height distalwards from Segments I to V. The nucleus is situated basally in the cells, with a well developed Golgi apparatus located above it. The endoplasmic reticulum in Segments I, II and III is generally vesicular, and is distributed throughout the cytoplasm.
The ribosomes attached to the endoplasmic reticulum increase in number from Segments I to III. In Segments IV and V, flattened rough endoplasmic reticulum is seen in the basal cytoplasm of the cells. The multivesicular bodies are usually located in the supranuclear cytoplasm.
They are large in Segment II and frequent in Segments II and IV. The dense bodies are specific in appearance for the cells in each segment. They are seen in the supranuclear cytoplasm in Segment I and in the inf ranuclear cytoplasm in Segments III, IV and V. Few dense bodies are found in Segment II. The apical cytoplasm contains coated and non-coated vesicles.
These vesicles consist of large and small types in Segments I, II and III. They are of the small type in Segments IV and V. The luminal surface membrane has coated or non-coated invaginations between stereocilia. The findings suggest that the principal cells have secretory and absorptive functions specific for each segment.
Discussion shall be made on the possibility that the secretion of the specific epididymal substances may provide the fertilizing ability to spermatozoa and the absorption pertains to the testicular fluid, epididymal secretions and substances bound to spermatozoa.
The epididymis is composed of a highly tortuous duct which is considered to be functionally concerned with the maturation and storage of spermatozoa (see reviews by BEDFORD, 1975; HAMILTON, 1975) . The epididymal duct can morphologically be divided *This study was supported by a grant from the Ministry of Education, 1981 (56770002) . into a number of segments which are thought to vary functionally as well (see reviews by GLOVER and NICANDER, 1971; BEDFORD, 1975; HAMILTON, 1975) . The segments of the duct vary in number according to the animal species (REID and CLELAND, 1957; NICANDER, 1957 NICANDER, , 1958 HOLSTEIN, 1969; NICANDER and GLOVER, 1973; HOFFER and GREEN-BERG, 1978) . In the mouse, we have previously divided the epididymal duct by light microscopy into five segments (I-V) according to qualitative and quantitative morphological differences (TAKANO, 1980) . Segments I, II and III constitute the head of the epididymis, Segment IV forms the body, and Segment V the tail (Fig. 1) . Furthermore, the finding that the segments react differently to the ligation of the duct at various levels has suggested that the duct is functionally different in the different segments (TAKANO et at., 1981; ABE et al., 1982a, b) . In the mouse, however, little information has been available about the regional difference in the ultrastructure of the epididymal duct. In this study, we have examined the ultrastructure of the principal cells primarily constituting the epithelium for each segment in relation to their functional significance.
MATERIALS AND METHODS
Twenty-four male dd-mice were used. The epididymis was fixed with 5°° formol or 3°° paraformaldehyde-1°° glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 2 hrs, postfixed with 2°° OS04 for 2 hrs, and embedded in Epon. Ultrathin sections were stained with uranyl acetate and lead citrate, and examined qualitatively and quantitatively by electron microscopy.
For the quantitative examination, the principal cells showing the lateral profile from the basal to luminal surface were randomly photographed at a magnification of 2,000 or 3,000 times and enlarged in prints to 6,000 to 9,000 times. The multivesicular bodies or dense bodies in the cells were counted in the cytoplasm above and below the level of the nucleus. For quantitation of the vesicles and the invaginations of the luminal cell membrane in the apical cytoplasm, the number and size of the vesicles and invaginations were obtained on electron micrographs enlarged at a magnification of 20,000 times.
In addition, the ultrastructure of the principal cells was schematically presented not only qualitatively but also quantitatively.
RESULTS
The epididymal duct is lined with a columnar epithelium which is mainly composed of principal cells with stereocilia-long microvilli-on the luminal surface (Fig. 2, 3 ). The lumen of the duct increases in diameter distalwards from Segments I to V. Spermatozoa contained in the lumen are sparse in Segment I, but they increase in number distalwards.
The principal cells decrease in height and increase in width proceeding distally; Diagram of the mouse epididymis, which is composed of five segments (I-V) of the epididymal duct.
ED efferent duct, DD deferent duct.
they are about 50pm in height and 6 f1m in width in Segment I, and about 15 am in height and 12 fpm in width in Segment V. The principal cells are varied in ultrastructural details in the different segments (Fig. 2, 3 ). The microvilli are about 20,16m in length in Segment I, and they decrease distally in length, to about 3,um in Segment. V. The nucleus is generally situated basally in the cell. In Segment I the nucleus is long and elliptical with a long diameter parallel to the cell axis. In Segments II, III and IV, the nucleus is round or oval with a diameter of about 6gm. The nucleus is slightly flattened in Segment V. A well developed Golgi apparatus is seen above the nucleus, forming a marked Golgi area which is almost as large as the nucleus. Mitochondria are generally elongated in shape and scattered throughout the cytoplasm.
Endoplasmic reticulum (Fig. 4-7) : The principal cells in Segment I are very abundant in vesicular endoplasmic reticulum about 0.2 prn in diameter, which is densely distributed throughout the cytoplasm (Fig. 4a, 6 , 7). The vesicular endoplasmic reticulum is rarely studded with ribosomes ( Fig. 4a ). Below the nucleus are the flattened cisterns of rough endoplasmic reticulum which frequently form concentric lamellae (Fig. 5a, 6 ). In Segment II the elements of endoplasmic reticulum are also abundant and distributed, though less densely than in Segment I, throughout the cytoplasm (Fig. 4b, 6 ). The endoplasmic reticulum is vesicular, varying in size, though generally larger than that in Segment I, and occasionally contains vesicles invaginating from the limiting membrane (Fig. 4b, 6, 7) . The limiting membrane is studded with a small number of ribosomes ( Fig. 4b, 6 ). Flattened rough endoplasmic reticulum such as seen in Segment I is not found in Segment II. In Segment III the cisterns of rough endoplasmic reticulum The cell width and height, nucleus size, and length of the stereocilia in this diagram are proportional to the mean values measured in each segment.
A Golgi apparatus is closed by dotted lines. The Golgi area is located above the nucleus.
The cytoplasm is filled with well developed organelles. are elongated ovals in profile and distributed throughout the cytoplasm (Fig. 4c, 6, 7 ). Thus the endoplasmic reticulum in Segments I, II and III is generally vesicular, and is distributed throughout the cytoplasm. The ribosomes attached to the endoplasmic reticulum increase in number distally from Segments I to III. In Segments IV and V, the cisterns of rough endoplasmic reticulum are flattened in profile and are seen in the basal cytoplasm, around the nucleus, and along the lateral surface of the cell (Fig. 5b, 6, 7) . Particularly the infranuclear cytoplasm contains a large number of rough endoplasmic reticulum which is arranged in lamellar forms (Fig.  5b, 6 ). Multivesicular bodies ( Fig. 8-11 ): Multivesicular bodies are seen in the principal cells of all the segments of the epididymal duct (Fig. 8, 9 ). They are usually located in the Basal cytoplasm of the principal cells. N nucleus. a. Segment I. Flattened rough endoplasmic reticulum forms concentric lamellae. Vesicular endoplasmic reticulum is also distributed throughout.
b. Segment IV. Flattened rough endoplasmic reticulum is arranged in lamellar forms.
Small dense bodies are seen (arrows). x 2,000 supranuclear cytoplasm, and are especially frequent in Segments II and IV (Fig. 9, 10 ). The multivesicular bodies are about 0.5;-tm in diameter in Segments I, III, IV and V, and they are twice as large in Segment II as in the other segments (Fig. 9, 11 ). The bodies contain varying numbers of vesicles and a matrix of variable density (Fig. 8) . The large multivesicular bodies in Segment II occasionally contain a flocculent material (Fig. 8a ).
Dense bodies (Fig. 12-15 ): Dense bodies in the principal cells show characteristic figures for each segment (Fig. 12,13) . In Segment I, they are largely distributed in the supranuclear cytoplasm (Fig.  13, 14) . The dense bodies, about 0.6;im in diameter, have various contents such as myelin figures or granules of varying sizes (Fig. 12a, 15) . In Segment II, few or none of such dense bodies as seen Width or short diameter of the endoplasmic reticulum in the principal cells in Segments I to V.
in Segment I are seen. However, some round or irregularly-shaped dense bodies are found, about 0.5 um in diameter, which contain a flocculent material and occasional irregular small vesicles or fragmented membranous structures (Fig. 12b, 15 ). Intermediate forms between these dense bodies and multivesicular bodies are found. In Segment III, the dense bodies are mainly located in the basal cytoplasm (Fig. 13, 14) . They often occur in clusters (Fig. 12c, d ). Though varying in size, they have a mean diameter of 0.4,um (Fig. 12c, d, 15 ). The bodies generally contain amorphous or fine granulated material of low density (Fig. 12c, d ). Particularly the smaller bodies of low density are clustered near the basal cell membrane (Fig. 12d) . In Segment IV the dense bodies are usually seen in the basal cytoplasm (Fig. 12e, 13, 14) . They are often arranged in clusters. They are similar in size to those in Segment III (Fig. 15) . Their contents are heterogenous in appearance with amorphous or fine granulated material, granules, membranous or myelin figures, and lipid droplets (Fig. 12e) . In addition to the dense bodies, there are peculiar rod-shaped inclusions, 0.3 to 0.5;um in diameter and 2 to 5pra in length, containing a bundle of tubules, 40nm in diameter (Fig. 12e) . The inclusions will be dealt with in detail in a separate paper (ABE et al., 1983) . In Segment Number of multivesicular bodies in the supranuclear cytoplasm (upper) and infranuclear cytoplasm (lower) of each principal cell in Segments I to V. Size of multivesicular bodies in the principal cells in Segments I to V.
V, large dense bodies, about 0.8 fem or occasionally larger than l em in diameter, are clustered just below the nucleus (Fig. 13-15 ). The dense bodies are filled with foamy or dense globules Fig. 12f) . In Segments II, III, IV and V, small round or elongated dense bodies, about 0.1 fem wide, with amorphous contents, are scattered throughout the cytoplasm (Fig. 4, 5, 8, 12 ). In summary, the dense bodies are seen in the supra- Diagram showing the shape and distribution of dense bodies in the principal cells in Segments I to V (1-5). In each cell, the dense bodies are filled with black. Vesicles in the apical cytoplasm (Fig. 16, 17 , Table 1 ): The apical cytoplasm just under the luminal surface lacks the endoplasmic reticulum and mitochondria, but contains round coated vesicles (Fig. 16) . The coated vesicles are of two types, small and large. The small ones are about 50 nm, and the large ones are generally about 100 nm, being up to 250 nm in diameter (Fig. 16, 17) . In Segments I, II and III, the principal cells contain both small and large vesicles, though the large vesicles are more numerous than the small ones (Fig. 17 , Table 1 ). In Segments IV and V, most of the coated vesicles are of the small type (Fig. 17 , Table 1 ). In Segment IV, the coated vesicles are very numerous (Table 1) . The luminal surface occasionally has coated invaginations or opened coated vesicles between the adjacent stereocilia (Fig. 16) . The invaginations have almost the same diameters as the large coated vesicles in Segments I, II and III, and the small coated Vesicles in Segment III are of two types, small and large. Vesicles in Segment IV are of the small type. For vesicles, number per a unit area of 10 fern' was obtained.
vesicles in Segments IV and V (Fig. 16) . They are most frequent in Segment III and relatively infrequent in Segment IV (Table 1) . Non-coated round vesicles, similar in size to the coated vesicles, are also seen in the apical cytoplasm, and they are three times or more as numerous as the coated vesicles (Fig. 17, Table 1 ).
DISCUSSION
It is generally known that spermatozoa aquire the capacity for fertilization during passage through the proximal region of the epididymal duct and are then stored in the distal region of the duct (see reviews by BEDFORD, 1975; HAMILTON, 1975) . Thus, it is likely that the functional maturation of spermatozoa is mediated via their surrounding fluid within the lumen of the duct. Based on the cytological features of the principal cells lining the duct, the epididymal duct has been divided into a number of segments; four segments in the dog, six in the rat, horse, sheep and bull, and eight in man and the rabbit (HAMMAR, 1897; REID and CLELAND, 1957; NICANDER, 1957 NICANDER, , 1958 HOLSTEIN, 1969) . In the mouse five segments have been distinguished (TAKANO,1980) .
The epididymal fluid contained in the duct has been reported to be regionally different in chemical composition, and this difference has been thought to be due to that in the functional activity of the epithelium in the different segments (CRABO and GUSTAFSSON, 1964; LEVINE and MARSCH,1971) . The fine structure of the principal cells, particularly the marked development of the cell organelles, suggests that the cells are very active in secretory and absorptive functions (HoFFER et al., 1973; RAMOS and DYM, 1977; FLICKINGER et al., 1978; JONES et al., 1979; NICANDER and PLOEN, 1979) . At present, the principal cells are known to secrete certain compounds including glycoprotein or protein (LEA et al., 1978; OLSON and HAMILTON, 1978; FAYE et al., 1980; MOORE, 1980) . The well developed rough endoplasmic reticulum and Golgi apparatus are interpreted as cytologic features concerned with the secretory activity (HoFFER et al., 1973; JONES et al., 1979; FAIN-MAUREL et al., 1981) .
On the other hand, it has also been accepted that the principal cells are functionally absorptive and that features such as the luminal surface invaginations, coated vesicles, multivesicular bodies, and dense bodies are associated with the absorptive function of the cells (FRIEND and FARQUHAR,1967; MONIEM and GLOVER, 1972; MOORE and BEDFORD, 1979) . Tracer studies have demonstrated that the principal cells absorb India ink, f erritin, colloidal mercuric sulphate, or horse radish peroxidase from the lumen, and that the tracers are transported by the pinocytotic vesicles into the multivesicular bodies and dense bodies (BURGOS, 1964; NICANDER, 1965; MONIEM and GLOVER, 1972; MoORE and BEDFORD, 1979) . The principal cells in Segment II have especially large multivesicular bodies, which appear to become dense bodies. The multivesicular bodies and dense bodies contain acid phosphatase which seems to hydrolyze the absorbed materials (FRIEND, 1969; MONIEM and GLOVER, 1972) .
Though the ultrastructure of the principal cells has been well documented in relation to the secretory and absorptive functions in the different segments of the duct, the relation between ultrastructural and functional differences has not entirely been clarified. The present results confirm that the five segments can be distinguished by electron microscopy as well as light microscopy (TAKANO,1980) and that the principal cells differ in ultrastructural details in the different segments. The endoplasmic reticulum significantly varies in shape and distribution between the proximal region consisting of Segments I, II and III, and the distal region composed of Segments IV and V. The number of luminal surface invaginations and coated vesicles in the apical cytoplasm of the proximal and distal regions also differ. These may reflect the functional significances of the two regions; the proximal region is thought to serve for the maturation of spermatozoa and the distal region for the storage of mature spermatozoa.
Segment I, commonly referred to as the initial segment, has been known to be very active in absorption of the testicular fluid (LEVINE and MARScH, 1971) . The multivesicular bodies and dense bodies in the supranuclear cytoplasm in this segment seem to be involved in this absorptive activity. It has been also indicated, on the other hand, that protein is actively secreted in the initial segment (KANKA and KoPECNY, 1977; KOPECNY and PECH, 1977) . The marked development of the endoplasmic reticulum appears to be dependent on the testicular fluid contained in the lumen of this segment, because the endoplasmic reticulum regresses after efferent duct ligation (FAWcETT and HOFFER, 1979; MOORE and BEDFORD, 1979) . The finding that the capillary net work surrounding the duct is more marked in the initial segment, Segment I, than in the other segments (SETcHELL et al., 1964; TAKANO, 1980) also suggests that Segment I is metabolically very active. Thus, Segment I, as has been extensively investigated (HOFFER et al., 1973; MOORE and BEDFORD, 1979) , is considered to be a functionally specialized region in the epididymal duct.
It has been thought that specific epididymal glycoprotein is important for providing the fertilizing ability to spermatozoa (LEA et al., 1978; OLSON and HAMILTON, 1978; MOORE, 1980) . Such glycoprotein has recently been isolated and purified in the rabbit and rat epididymas and demonstrated to be produced by the epithelial cells in the region just distal to the initial segment and to be bound to spermatozoa (LEA et al., 1978; FAYE et al., 1980; MOORE,1980) . In the mouse, as reported in a previous paper, the principal cells in Segment II secrete a PAS-positive material that is considered to contain glycoprotein to be bound to spermatozoa (ABE et al., 1982a) . The vesicular rough endoplasmic reticulum in the principal cells in this segment may be involved in the secretory activity of the specific glycoprotein.
The principal cells in Segment III are also characterized by an abundance of vesicular rough endoplasmic reticulum.
The luminal surface of the cells in Segments II and III shows a strong alkaline phosphatase reaction (TAKANO,1980) which seems to be associated with the cellular secretory activities (BERN, 1949 , MANEELY,1955 . However, the two segments are distinguished from each other by PAS staining in light microscopy (TAKANO, 1980) and the appearance of the endoplasmic reticulum under the electron microscope. Thus it is likely that Segments II and III differ in nature of the secretion.
On the other hand, the occurrence of the multivesicular bodies and dense bodies in the principal cells of Segments II and III suggests that these segments are absorptive as well as secretory in function. The multivesicular bodies and dense bodies significantly differ in features between the two segments.
In Segment II the principal cells contain considerable amounts of large multivesicular bodies but almost no dense bodies. In Segment III many dense bodies, which are heterogenous in appearance, are located in the infranuclear cytoplasm as in Segments IV and V. The dense bodies are generally thought to represent various stages of destruction of the ingested material (JoNEs et al., 1979) . Dense bodies with quite amorphous contents are seen close to the basal cell membrane (RAMOS and DYM,1977) . These findings may indicate an endocrine function of the cells, as speculated RAMOS (1980) . Segments IV and V are similar in ultrastructural details. The well developed organelles in the principal cells suggest that the two segments functionally participate not only in the storage of spermatozoa but also in functional interaction with the luminal contents. As reported previously (ABE et al., 1982a) , the PAS-positive material that is secreted in Segment II and remains unbound to spermatozoa is absorbed in Segment IV. The multivesicular bodies and dense bodies may be involved in the absorptive activity.
In addition, the peculiar tubule-containing inclusions which appear only in Segment IV may be concerned with a specific function, i.e., absorption of the glycoprotein in this segment (ABE et al., 1982a) .
The dense bodies in Segment V show a particular appearance.
In the rabbit epididymal duct, lipof uscin or pigment-like granules have been observed in the terminal segment, and they have been regarded as residual bodies of lipids released from spermatozoa, because spermatozoa contain unsaturated phospholipid which decreases in amount during passage through the epididymal duct (VOGLMAYR,1975; JONES and MANN, 1977; JoNEs et al., 1979) . It is possible that the membranous structures and lipid droplets in the dense bodies in Segment IV represent ingested lipid. In addition, the coated vesicles in Segments IV and V are different from those in the more proximal segments. Thus, they appear to be also involved in a specific absorptive function in the distal segments.
In summary, the ultrastructure of the principal cells of the mouse epididymal duct suggests that the principal cells have specific functions for each segment.
